Abstract-A flywheel energy storage (FES) plant model based on permanent magnet machines is proposed for electro-mechanical analysis. The model considers parallel arrays of FES units and describes the dynamics of flywheel motion, dc-link capacitor, and controllers. Both unit and plant-level controllers are considered. A 50-MW FES plant model is tested in the Northern Chile Interconnected System (NCIS) when connected to the Argentinian Interconnected System (AIS). The FES plant provides transient support for primary frequency regulation and its impact on stability is studied using small-signal analysis and time domain simulations. To identify the best location to install the FES plant, eigenvalue sensitivity for the interarea mode is analyzed. The results are validated for different operation scenarios of wind and solar power. By installing the FES plant in the NCIS best location, the damping ratio of the interarea mode is increased from 0.53% to 13.1% . Moreover, the power transfer from the NCIS to the AIS can be augmented from 90 to 180 MW while still keeping the damping ratio above 9%. These findings are promising and may lead to useful planning criteria for energy storage deployment.
I. INTRODUCTION
T HE global warming problem and competitive marginal prices have driven, in the last decades, a remarkable increase in the deployment of renewable generating systems (RGS) such as those based on wind and solar energy. This is a global tendency observed from large nations such as the US, targeting a 20% of the US electric supply from wind power by 2030 [1] , to smaller countries such as Chile, aiming at 20% of renewable resources by 2025. From an energy/environmental perspective, this is the right path to reach sustainability. From an operational point of view, however, this causes technical concerns. As these RGS may lead to a reduction of the power system relative inertia, larger frequency excursions and a more recurrent appearance of low frequency oscillations are expected [2] , [3] . To overcome these issues, new controllers may be added to the RGS which can transiently compensate power imbalances during frequency excursions and increase power damping during oscillations. However, RSG power capabilities for this type of regulation are variable and therefore, there exists the risk that at some point they would not be available, i.e., during no wind condition or on a cloudy day in case of wind or solar generation, respectively. In this sense, energy storage systems (ESS) are more reliable and can provide similar power capabilities during frequency excursions and oscillations by storing/retrieving energy from/to the grid.
For power applications, high power density ESS are required such as Battery Energy Storage (BES) or Flywheel Energy Storage (FES). These technologies are very similar for regulation in the scale of seconds to a few minutes and exhibit very fast response to system signals. One of the few differences is related to the maximum number of full depth discharge cycles, which are around 5,000 for BES and 200,000 for FES. As a reference, consider the Beacon Power FES Plant at Stephentown NY, which participates in frequency regulation and performs between 3,000-5,000 cycles per year [4] . In spite of their low maximum number of cycles, BES have still been employed for frequency regulation in power systems. For example, in the Northern Chile Interconnected System (NCIS), two lithium-ion based BES of 12 MW and 20 MW have been in operation since 2009 and 2011, respectively [5] .
The NCIS is a very particular system that, as to 2015, had an installed capacity of 4,150 MW, maximum demand around 2,400 MW and an inertia of about 3.86 s base on the installed power. Most of its capacity is supplied by relatively large thermal power plants; hence, the loss of one generator typically represents an important fraction of the total generation. In the case of load rejections, similar power imbalances occur since 90% of the demand is due to large mining companies. These characteristics, along with important delays in the response of governors, explain why under frequency load shedding is often reported [6] . Based on these reports, BES do provide support in secondary frequency regulation; however, due to dead-band blocks used to extend their lifespan, BES contribution during frequency excursions is minimal. Unlike BES, FES are not constrained by the use of dead-band blocks, and can be a real contribution to reduce frequency nadir during excursions. Furthermore, and for the same reason, FES are also able to provide power oscillation damping.
Since 2015, NCIS has been connected to the Argentinian Interconnected System (AIS), improving frequency quality and voltage profiles, as well as increasing power reserve to afford variability coming from RGS. Nevertheless, as reported by the NCIS-ISO and confirmed by simulations, high power transfers present stability problems regarding inter-area oscillations (systems oscillating against each other). Although being the current practice in some units, the adjustment of PSS settings does not seem to be the best way to tackle inter-area oscillations, as the oscillation modes are not highly controllable and observable from measurements at the generating units [7] , [8] . As energy storage is still needed by NCIS for frequency regulation support in case the interconnection is lost, FES can provide that service but they can also be employed to damp inter-area oscillations while the interconnection is on. To evaluate the impact of FES on oscillations, a proper model for electro-mechanical studies and experience/lessons from similar cases may be useful. Unfortunately, none of those are found in the literature, and most of the work is mainly related to specific control techniques in electro-magnetic models, considering small or isolated test system [9] - [12] . This paper presents a comprehensive Surface Permanent Magnet Machine (SPMM) based FES plant model for electromechanical dynamic analysis. Dynamics related to the flywheel motion, dc-link capacitor and controllers are described. Fast dynamics related to the SPMM flux linkages in d-q axis are described by a zero-order manifold, and converters action is represented by a first order lag. Four local controllers are considered to regulate FES power output, flywheel SOC, dc-link voltage, and reactive power injection from the grid side converter. System-level signals at the power controllers may be considered to add further control actions from the FES plant. A plant-level controller is implemented to provide transient support during frequency excursions. A 50 MW FES plant with 50 flywheel parallel array equivalents is tested in the NCIS and its impact on inter-area oscillation is evaluated. Several load/generation scenarios are considered, including various generation levels of the wind farm and solar plants. To identify prospective locations to install the FES plant, an algorithm based on inter-area mode controllability is proposed; selected locations are further tested by performing small-signal stability analysis and time-domain simulations. Results show that ideal locations are more importantly related to system physical characteristics rather than operational conditions; this revealing finding has the potential to lead to useful criteria for power system planning in regards to storage systems. The paper is organized as follows. In Section II, the main characteristics of a FES are described. In Section III, the proposed FES plant model including unit-and plant-level controllers is presented and validated against a full electromagnetic model. In Section IV, the main characteristics and modeling aspects of the NCIS are discussed. In Section V, the dynamic analysis of the FES location and its impact on the NCIS dynamics are shown. Finally, conclusions are presented in Section V.
II. FLYWHEEL ENERGY STORAGE
A flywheel energy storage system consists mainly of three components: the flywheel itself, an electric machine and a back-to-back converter. The main characteristics of each component are summarized below:
A. Flywheel
This is a rotating mass that stores kinetic energy, which is proportional to the flywheel inertia and to the square of the rotating speed. FES can be classified in two types: low speed FES, with a speed less than 6 × 10 3 rpm, and high speed FES, which typically rotates in the range of 10 4 − 10 5 rpm [13] . The flywheel is generally placed inside a vacuum container to eliminate friction-loss and suspended by magnetic bearings for a stable operation. To increase flywheel endurance at high operational speed, special materials such as carbon fiber composite are used [4] .
B. Machine
This converts the kinetic energy into electricity. Induction machines [14] , switched reluctance machines [15] or permanent magnet (PM) machines [16] have been employed-wound rotor machines are avoided due to the high speed. For grid connected applications, however, PM machines are more suitable due to their high power density and high efficiency. PM machines are classified either as interior or surface type [17] . Interior PM machines allow higher operational speed but they are harder to build compared to surface PM machines; thus, SPMM has become more common in the market. In regards to the control, for a wide range of rotational speed, PM machines are operated using field oriented control strategy. For extreme speed deviations, either very low or high speed, the control strategy of PM machines is turned to field weakening. In this work, for the sake of model simplicity, the SPMM with field oriented control is employed.
C. Converter
A back-to-back topology is generally considered. While the ac/dc converter on the grid side regulates the active and reactive power delivery to the grid, the other ac/dc converter controls the machine. As the purpose of this paper is to evaluate the impact of FES on power systems, with dynamics in a slower timescale than those from the converter, full description of converter dynamics and control is not needed, instead, a simplified representation suffices.
III. PROPOSED FES MODEL
A configuration with n p flywheel-converter units connected in parallel to a common dc-bus is typically employed as shown in Fig. 1(a) [18] . On the dc side, a parallel capacitor, a dc/ac converter and a step-up transformer provides the final grid connection of what is called the flywheel parallel array. In this paper, for modeling simplifications, the parallel units are aggregated to obtain a flywheel parallel array equivalent (FPAE) shown in Fig. 1(b) .
A. Mathematical Representation of the FPAE
Consider the equivalent SPMM represented in a rotor reference frame, where the q-axis leads the d-axis by 90 degrees, and define currents leaving the machine (generator mode). By assuming also a single mass model which takes into account the masses of the equivalent flywheel and SPMM rotor, the open-loop FPAE model becomes:
Equations (1)- (3) 1) Friction torque is not considered, which is a reasonable assumption due to the use of magnetic bearings [4] . 2) T m = 0, as there is no external mechanical source exerting torque on the flywheel shaft. 3) Power losses are negligible, thus, r s is assumed to be zero and P g becomes the power injected to the grid. 4) Voltages v d and v q , provided by the machine-side (MS) converter, are controlled to maximize the SPMM efficiency. As a result, v d and v q are such that i d = 0. With this consideration, stator flux is reduced and core loss minimized [19] .
The H-constant of an equivalent flywheel is assumed to be H = 450 s on a 1 MW power base; this considers a stored energy of 250 kWh, so the flywheel would provide energy for approximately 2 × 450 = 900 s = 15 min [20] . To have an acceptable voltage ripple at the dc-link, the capacitance is chosen to be C = 4 × 10 −3 F which implies a C eq = 2.25 × 10 −3 FΩ considering S b = 1 MW and V dc, b = 750 V -for dc-link capacitor sizing see reference [21] {C eq , 2H}. By using a zero-order manifold for the dynamics in the d-q axis, the following relationships are obtained:
As a result, v q must be proportional to the angular speedrelated to the state of charge (SOC)-and v d is controlled to have a desired current i q -related to the FPAE power. The power extracted from the FPAE is then given by:
Finally, the open-loop fundamental FPAE model is:
The model fundamental variables are ω r , i q , v c and i g . The variables v d and v q are not explicitly required; converters are assumed to provide them in accordance to equations (6)- (7). In order to validate the FPAE proposed model, a full detailed electromagnetic model was implemented in PLECS for comparison-this software is one of the standards to simulate nowadays power electronics and electric machines and is adopted by the most important manufacturers like ABB and Infineon. The PLECS simulation file considers accurate models of switching devices (IGBT/Diodes) and their fast controllers. Simulations were performed using a time step of 1 μs. The full detailed and proposed models are compared for the most relevant variables; machine d-q currents (top), dc voltage (middle) and flywheel speed (bottom) are shown in Fig. 2 ; the bode plots of both models are presented in Fig. 3 . As the results show remarkable agreement between both models, despite the neglected dynamics and assumptions, the proposed fundamental FPAE model is validated.
B. FES Plant Model and Control
The FES plant model considers n FPAE connected in parallel and coordinated by a plant-level controller shown in Fig. 4 . Due to the use of a washout filter, this plant-level controller allows providing transient support during frequency excursions and low frequency oscillations; it also includes a phase lead compensator to enhance oscillation damping, and a droop characteristic. The output signal, P ref1 , is sent to each one of the FPAE. At the unitlevel, a state-of-charge (SOC) controller is considered which produces the output P ref2 and has as input the flywheel speed and the signal S 1 . Here, S 1 can simply represent a reference speed related to the desired FPAE SOC or it can be a system-level signal for ACE or secondary frequency control. The addition of these power references gives the total power reference, P ref , that must be followed by FPAE. Note that these two controlling loops act on different timescales causing no controlling conflictthe impact of the SOC controller on frequency excursions or oscillations is marginal. For the purpose of this paper, S 1 = ω ref so the SOC controller acts as a flywheel speed regulator, keeping the FPAE at a desired SOC level.
PI blocks are used to control P fes and v c to their respective reference values, i.e., P ref and v ref . The action of both MS and GS converters are modeled by a first order lag with a time constant of 0.5 ms. In addition, the GS converter may be used to provide reactive power support by using a PI-controller that acts on the quadrature current I q based on the reactive power error. Furthermore, a system-signal S 2 may be employed to provide oscillation damping. As the capability of the GS converter may be limited, these actions require further evaluations. In this paper, both Q ref and S 2 are assumed to be zero.
To represent the FPAE power injection to the grid through the GS converter, a controlled ideal current source is used (model on the power system side). The direct current I d corresponds to the current component in phase with the FPAE terminal voltage V t = V t e j φ , while the current I q corresponds to the component in quadrature. The FPAE complex power injection is given by S g = V t I * g = V t I d − jV t I q ; thus, I d is related to the active power injection, and I q to the reactive power injection.
IV. NORTHERN CHILE INTERCONNECTED SYSTEM (NCIS)
A. System Characteristics Some particular characteristics of this system are: 1) This system is located in the northern regions of Chile, with an approximate total H-constant of 3.86 s base on its installed power. 2) The installed capacity is about 4,150 MW, and the total demand around 2,400 MW-almost 90% of the demand is due to large mining companies. Due to minimum technical limits of generating units, there are typically a few power plants dispatched, each one satisfying an important fraction of the load. Based on this, very large frequency excursions caused by generator outages or load rejections are possible, a situation that is critical considering the relatively slow governor responses of a mainly thermal system. 3) The system is located in the Atacama desert, the driest in the world. As the solar energy potential is enormous, the installed capacity of zero-inertia generating sources is expected to increase in the near future; this is attractive from an energy point of view, but it is at least worrisome from a dynamic performance perspective due to the relative reduction of the system inertia. 4) The system has two BES systems to meet grid reserve requirements: 12 MW Andes BES and 20 MW Angamos BES [5] . To export the generation surplus, the NCIS has been connected to the Argentinian Interconnected System (AIS) since 2015. The AIS is a large system with an installed capacity of about 31,000 MW. With the interconnection, frequency excursions are reduced on the NCIS side, but the problem of inter-area oscillations arises. In the case of disconnection, NCIS ISO must ensure that the system exhibits a frequency bounded by acceptable limits; as a result, ESS are still required to support primary frequency regulation. 
B. Model, Data and Simulation
The characterization of each component of the NCIS has been obtained from the NCIS ISO website [6] -provided as a DIgSILENT simulation file. The model considers a sixth-order representation for generators, diverse governors and voltage regulators, and power system stabilizers to damp local oscillations at three power plants. In particular, the model includes a 90 MW wind farm and a total of 450 MW coming from several solar plants. In the data file, three load/conventional-generation scenarios are defined, which are called the high, medium and low demand scenarios. Power output from the RGS is assumed to be zero in these scenarios; however, system dynamic performance is later evaluated considering power output variability from the RGS. The full NCIS model has roughly 1,400 state variables and 2,700 algebraic variables. A simplified model for the AIS is used, which considers Salta Power Plant connected through a 500 kV-1,500 km line to an equivalent generator-an equivalent H-constant of 6.77 s based on its installed power is assumed; typical parameters have been employed for the equivalent generator. Measured at the Andes busbar, a power transfer from the NCIS to the AIS of 90 MW is considered-this low power transfer is due to stability problems and is based on the current contractual agreement between both systems.
For time domain simulations a full non-linear representation of the NCIS is used, while for modal analysis the following linearized model is obtained:
where x is the vector of state variables, y the vector of output variables, u the vector of input variables and A, B and C are constant matrices. While the system matrix A is provided by commercial software packages such as DIgSILENT, the input matrix B is generally not available. In this paper, the coefficients of B are numerically estimated by observing the changes in the state variables, after a time step of 0.01 s, when a small and normalized change in the considered input is applied. Following a trial and error approach, this time step has been chosen after comparing the response of the full non-linear representation and the linearized model. The calculation of B is coded in DIgSI-LENT Programming Language. The coefficients of the output matrix C are explicitly defined. 
A. Base Case Scenario
The high demand scenario without RGS production and FES plant is defined as the base case. Modal analysis reveals that the inter-area mode has a frequency of 0.37 Hz and a damping ratio of 0.53%-dangerous oscillations of the NCIS units against the AIS. All the analysis done in this section is related to this interarea mode, as all other electromechanical modes, either intrasystem, intra-plant, or local modes, have damping ratios above 9%. In regards to the NCIS BES plants, they have marginal effects on the inter-area mode damping due to the limitations imposed by dead bands.
B. FES Location Analysis
For frequency excursions, the location of these devices seems to be irrelevant, as any location would provide a similar performance. However, the location becomes crucial when these devices provide inter-area oscillation damping. To identify a preliminary ideal FES plant location, a plant-level controller with no wide-area measurement is assumed. This implies that, from a system point of view, the system input variable Δu (FES injected power) and the system output variable Δy (measured frequency) are unambiguously defined: these are the power and frequency at the busbar where the FES is installed. Let L be the set of all feasible locations to install a FES plant. Now, given a FES prospective location ∈ L, consider the system open-loop transfer function given by: The FES plant transfer function, from measured frequency to power injection, is defined as KH(s); here, K is the FES-loop gain and H(s) is a corresponding function. Then, the sensitivity of the inter-area eigenvalue λ j of the closed-loop system with respect to the FES-loop gain is given by [22] :
where |C v j | and |w T j B | are called mode observability (MO ) and mode controllability (MC ) of the inter-area mode respectively. Having a SISO system, both indices are real scalar quantities. MO does not change much with the location -which is reasonable as the inertia is smaller in the NCIS and all its units are coherently oscillating against those from the AIS. Based on this observation, the best locations can be simply chosen as those with the highest controllability index defined as CI = MC /max MC , where max MC is the maximum MC out of all locations. Note that the angle of the sensitivity described by Equation (17) falls within 180 ± Δθ; the phase compensation block shown in the FES plant model is tuned to cancel Δθ-note that |Δθ| < 10
• for all considered scenarios. Using the base case scenario and defining the set L as all PQ buses of 220 kV, CI for all ∈ L are calculated and shown in Fig. 6 . Note that there are points of low controllability index in the south part of the system, close to the interconnection with the AIS (light gray), that gradually change to higher index points (dark gray to black) as the buses get farther away from the interconnection. This can be explained considering that the inertia of the AIS is several times higher than the inertia of the NCIS, and the inertia density on the NCIS side monotonically decreases in the north direction. Thus, the results point out that the least favorable location to control the inter-area oscillation is close to the center of inertia, while the best locations are those located in areas with low inertia density. This result is consistent with previous findings when wind turbines provide inertial response: the best wind farm locations are those areas with the smallest inertia [23] .
To verify that this result mainly depends on the distribution of inertia rather than the system operational conditions, the analysis is repeated including power generation from the RGS and their variability. To create RGS generation scenarios, all solar plants are assumed to produce the same power no matter where they are located. This is a reasonable assumption as the NCIS is within a very narrow range in latitude and longitude, and the unlikely existence of clouds make the power production depend basically on the time of the day. Thus, specific levels of solar plant generation are created from 0 to 100% in steps of 20%. For each one of these power levels, the NCIS wind farm is assumed to also have power generation from 0% to 100% in steps of 20%-all in base of their own nominal power. As a result, and considering high, medium and low demand scenarios, 108 generation scenarios are used and defined as the set S. In order to compensate the excess of generation due to the power coming Algorithm 1: Procedure to determine FES plant locations.
1: for each scenario s ∈ S do 2: Calculate system equilibrium point 3:
Obtain inter-area eigenvalue and left eigenvector 4:
for each location ∈ L do 5:
Determine B through sensitivity 6:
Calculate MC( , s) = |w from RGS, the dispatched power of those machines usually used for secondary frequency regulation is readjusted. Finally, CI is determined for all s ∈ S and ∈ L, and the average value μ and variance σ 2 of the controllability index are calculated. Algorithm 1 summarizes the procedure.
A box plot of the controllability index for a sample set of buses under all the described scenarios is shown in Fig. 7 . Here the bottom and top of the box represent the first and third quartile, the band inside the box is the second quartile and the end of the whiskers show the minimum and maximum of all of the data. From this figure, observe the small variance of the controllability index, which shows that the result does not highly depend on the system operation, then it must somehow depend on the system physical characteristics [24] , e.g., grid topology, geographical distribution of inertia, among others. In addition, within those small changes in the index, a positive correlation is found. This implies that the relative ranking of best candidates remains unchanged with respect to the load/generation scenario. With N = 8, the best FES locations are at the busbars: Parinacota, P. Almonte, Tarapaca, Collahuasi, Lagunas, N. Victoria, El Abra and Tocopilla.
C. FES Plant Impact on Stability
The FES plant is added at some locations, and its impact on small signal stability and time-domain simulation is evaluated. Although several operating scenarios have been analyzed, only the base case with FES plant is presented here.
1) Small Signal Stability Analysis:
The best eight locations obtained with the previous algorithm are considered. For comparison purposes, Andes bus is also used as it has connected a BES plant. For all cases, the resulting inter-area eigenvalue with its corresponding frequency and damping ratio are presented in Table I . Although the FES plant is controlled to provide primary frequency regulation, if properly located, it can have a tremendous impact on the inter-area oscillation, increasing the damping ratio from 0.53% to 13.1% in the best case. These results show a great agreement with those from the previous subsection; Andes bus having a low controllability index is only able to increase the damping ratio to 6.0%.
2) Time Domain Simulations: A three-phase short circuit with a clearing time of 64 ms is simulated at Crucero busbar to excite the inter-area oscillation between the NCIS and the AIS. Andes and Tarapaca are chosen as FES locations to contrast the system performance with and without FES plant. The time evolution of the generators speed for these cases is shown in Fig. 8 .
The results are consistent with those from Table I and Fig. 6 . The FES plant model proposed in this paper has a positive impact on the inter-area oscillation, especially when installed in the high controllability area. When the NCIS machines increase their speeds due to the fault, the FES plant absorbs energy that would be otherwise transformed into kinetic energy accelerating even more the machines. When the machines decelerate and the FES supplies energy, an excessive deceleration of the machines is avoided by the FES plant. It seems that the quick response during the first deciseconds of the FES plant connected in Tarapaca enables the control to achieve a better performance when compared to the FES connected in Andes. As a matter of fact, the FES plant in Tarapaca is more effective even though it uses in average 3% less of energy per discharge/charge cycle-see Fig. 9 . Despite the low capacity of the FES plant in comparison with the total power of both systems, the 50 MW plant is proven to be successful to drive the system from an almost unstable operation to a safe one with damping ratio above 10% and even been able to double the power transferred to the AIS with a damping ratio still above 9%. In all cases the FES acts just a few seconds; SOC of the FES plant is almost unaffected which ensures full capability for mid-term regulation such as ACE control.
VI. CONCLUSION
A comprehensive electro-mechanical model of a FES plant proper for power system dynamic analysis is presented. FES units based on surface permanent magnet machines are considered with both unit-and plant-level controllers. While FES units are capable of providing regulation for minutes, the focus in this work is on transient support for primary frequency control and its impact on oscillation damping. The FES performance is evaluated on the operation of the NCIS-AIS for various scenarios of load and conventional/renewable generation. The impact of FES plant location on oscillation damping is explored. Location candidates are screened by using inter-area mode controllability. For verification and final selection, small-signal stability analysis and time-domain simulations are performed. The results reveal that there exists a pattern showing regions from low to high controllability which is not importantly altered by the operational conditions. This implies that the observed pattern is strongly related to the system physical characteristics and, thus, an optimal location for the deployment of ESS can be found. This attractive finding has the potential to lead to useful criteria for power system planning in regards to storage systems. Although the FES plant is controlled to provide primary frequency regulation, this work provides evidence that if the FES is properly located, the oscillation damping can be importantly increased. By installing the FES plant in the NCIS best location, the damping ratio of the inter-area mode is increased from 0.53% to 13.1%. Furthermore, the power transferred from the NCIS to the AIS may be even doubled while still having a damping ratio above 9%.
APPENDIX
The following FES plant model parameters were used: 
